Multifactorial correlation analysis is a new method used to predict the land subsidence caused by groundwater exploitation. This article introduces and applies the method to establish the function of the surface settlement rate (V s ) and the function of the time-dependent surface settlement (S t ) caused by groundwater exploitation, based on data acquired at three land subsidence monitoring stations in the Hanoi area of Vietnam. Comparison with actual monitoring data indicates that the prediction results are relatively close to the monitoring data. From this, we conclude that multifactorial correlation analysis is a reliable method and can be used to predict future land subsidence caused by groundwater exploitation in Hanoi.
Late Pleistocene alluvial, lacustrine, and lacustrine-bogged deposits (Vinh Phuc Formation): consists of sand with pebbles in the lower part, and silty clay and clay (some with organic residues) in the upper part. The thickness of the formation is 6.2 to 38.0 m; Early-Middle Holocene lacustrine-bogged, marine, and bogged sediments (Hai Hung Formation): consists of sandy clay, silty clay, and clay. The middle part of the formation consists of greenish-grey marine clay, overlapping beds with fossil trees, and coastal swamp deposits containing remains of plants and giant oysters. These deposits are the weakest water-saturated cohesive soil in Hanoi. They are distributed in the center, southern, and southeastern parts of the Hanoi area. The thickness of the formation is 2.0 to 32.0 m; and Late Holocene alluvial and alluvial-lacustrine -bogged deposits (Thai Binh Formation): consists of clayey silt, sandy clay, and silty clay mixed with sandy layers. The alluvial swamp sediments consist of dark grey sandy clay and peat distributed in the center of Hanoi. The thickness of the formation is 1.2 to 35.0 m. In terms of tectonics, most of the Hanoi area is located in the rift zone of the Red River. In this zone there are active faults with up to 8-mm movement of some major tectonic blocks. In the 20th century alone there were 144 earthquakes, including two strong ones with intensity of 7-8 on the MSK-64 scale (Phi and Strokova, 2011) . (DSMV, 1999) The geological structure of the Hanoi area contains thick, soft soil layers (Figures 2 and 3) which create dangerous engineering-geological processes, including land subsidence caused by intensive groundwater exploitation for water supply. This causes the deformation of buildings and other structures.
Most of the groundwater in the Hanoi plain is found in the Quaternary sediments, in two main aquifers (the Holocene and Pleistocene aquifers) and in the Neogene sandstone bedrock (Phai, 2011) . The Pleistocene aquifer (qp) is more extensive than the Holocene one and is widely presented in the Hanoi area. It consists of alluvial sand, gravels, and cobbles in general and is coarser toward the lower part. The groundwater regime of this aquifer depends on the climate, hydraulic, and exploitation conditions. The depth to the top of the Pleistocene aquifer is 2-10 m in the north, and 10-35 m in the south. The thickness of the aquifer varies from several meters to tens of meters. The water is fresh, of the calcium bicarbonate type. Because of an intercalation of clay, the Pleistocene aquifer can be separated into two sub-aquifers. The Upper Pleistocene aquifer has an average thickness of about 15 m, and the Lower Pleistocene aquifer has an average thickness of about 28 m. Between the Red and Duong rivers, the clay layer thins out so that the two sub-aquifers directly overlie each other, creating a "hydrogeological window". There is a close relationship between the two sub-aquifers and the river. The transmissivity of the Lower Pleistocene aquifer ranges from 300 to 1,600 m 2 /d. The aquifer has a significant potential for the supply of groundwater and has been used for the main water supply in Hanoi since the beginning of the last century.
The Holocene (qh) aquifer is distributed in areas near the Red River. The upper part consists of clayey layers and has a thickness of up to 11 m. The lower part consists of various sands. The average thickness of the aquifer is between 9.2 m in the north and 13.3 m south of the Red River delta area. The transmissivity of the Holocene aquifer ranges from 20 to 790 m 2 /d. The groundwater level is 1 to 5 m below the surface; however, south of the Red River the water level is lower due to groundwater exploitation. The Holocene aquifer is sufficient for small-scale water supply. Producing groundwater from this aquifer is done by small-diameter shallow wells. The Holocene aquifer is connected with the upper Pleistocene layer (qp 2 ). According to CWRPI (2011) , the city has three main forms of groundwater extraction: public, industrial, and private well fields. In Hanoi there are 19 major well fields (called water supply stations) to supply water for domestic and industrial needs. A total of 290 wells are drilled in the Pleistocene aquifer, with an average capacity of 680,000 m 3 /d in 2010. Because the water supply network fails to meet the domestic and industrial water demands of the city, some businesses, administrative offices, and army units have drilled their own wells to meet their own needs. In 2010 there were about 1,100 industrial wells with a total capacity of 309,300 m 3 /d, drilled into the Pleistocene aquifer at a depth of 32 to 85 m. Private domestic wells are often used in suburban areas to supply water to households. There are about 791,650 shallow wells that use groundwater from the Holocene aquifer or the upper part of the Pleistocene aquifer. In 2010 they had a total capacity of 778,000 m 3 /d. The total extraction of groundwater was 1,767,300 m 3 /d in 2010, and most of the groundwater was taken from the Pleistocene aquifer (qp).
Monitoring of land subsidence and drawdown of the of groundwater levels is managed by the Hanoi Institute of Building Technology (HIBT) at 10 monitoring stations. Assessment and prediction of land subsidence is of great importance in the prevention and reduction of damage to civil and industrial constructions. Research on land subsidence in Hanoi has been carried out by several researchers, including Thang (Thang, 1995) , Thu and Fredlund (2000) , Giao and Ovaskainen (2000) , HIBT (2004) , Phuong (2004a), and Lieu (personal communication, 2005) , but monitoring and their prediction results differ significantly.
Prediction of land subsidence caused by groundwater extraction is a complicated geotechnical problem which depends on various factors, such as the drawdown of groundwater levels, lithological composition, thickness and physical-mechanical properties of soils, the load of buildings, structures, and filling soils, decomposition of organic matter in the soils, and tectonic movements. Accurate evaluation and quantification of the impact of each geotechnical factor in the formula for prediction of land subsidence caused by groundwater exploitation makes the prediction results more credible. Multifactorial correlation analysis is one of the most effective methods to quantify the impact of geotechnical factors.
Theoretical basis of the multifactorial correlation analysis method
In multifactorial correlation analysis, an integrated index of the geotechnical factors (the objective function) is determined based on analysis and synthesis of the geotechnical factors affecting land subsidence caused by groundwater exploitation. The relationship between those factors and land subsidence derived from periodic data from lan subsidence monitoring stations.
The surface settlement rate (V s ) or the time-dependent surface settlement (S t ) at a location depends on several geotechnical factors, including groundwater dynamics (drawdown or drawdown rate of groundwater levels), soil characteristics (lithological composition, physical-mechanical properties of the soil layers, the thickness of the soft soil layers), and time. All of these factors have an effect on and a relationship with land subsidence and are related to each other. They can be represented by bivariate correlation coefficients: the higher the correlation coefficient, the closer the relationship between the factors is.
To predict land subsidence caused by groundwater exploitation, the objective function can be selected as the surface settlement rate (V s ) or the time-dependent surface settlement (S t ). The objective function Y (S t or V s ) is a function of the geotechnical factors (X i ):
Geotechnical factors (X i ) can be, for example, the drawdown of the groundwater level, the lithological composition, the physical-mechanical properties of the soil layers, the thickness of the soft soil layers, or time. The selection of the geotechnical factors involved in the objective function depends on the strata and actual data acquired at land subsidence monitoring stations in the study area.
Based on actual data received from monitoring stations, the following equations show the relationship between S t or V s and the geotechnical factors, and between the geotechnical factors. From this, the bivariate correlation coefficients between S t or V s and the geotechnical factors, and between the geotechnical factors, can be determined. Then the gravity of each geotechnical factor g i in the objective function of S t or V s can be determined. Thus, the surface settlement rate (V s ) or the time-dependent surface settlement (S t ) at any location in the study area can be calculated according to Equation (2) (Saviskaya, 2000; Phuong, 2004a) :
where Y is the integrated index of geotechnical factors or the objective function (S t or V s ); g i is the gravity of the geotechnical factor i; and R i H is the standardized quantitative parameter of the geotechnical factor i.
The quantitative parameters of the geotechnical factors are standardized by dividing the value of each parameter by its maximum value (for S t ) and its average value (for V s ). The standardized quantitative parameters of the geotechnical factors thus have values of 0 to 1.
Determination of the gravity of each geotechnical factor i (g i ) is accomplished by: 1) Selection, synthesis, and statistical adjustment of the actual monitoring data related to the geotechnical factors and the objective function;
2) Establishing the correlative equation between the objective function and each geotechnical factor and between geotechnical factors based on the adjusted actual monitoring data;
3) Computing bivariate correlation coefficients (r iy , r ij ) between the geotechnical factors and between the objective function and the geotechnical factors; and 4) Computing standardized coefficients (β 1 , β 2 , … , β p ) according to the elements of Equation (3) (Saviskaya, 2000; Phuong, 2004a 
where r ij is the bivariate correlation coefficient between the geotechnical factors i and j; r iy is the bivariate correlation coefficient between the geotechnical factor i and the objective function Y. 5) Calculating the multifactorial correlation coefficient R according to Equation (4) (Saviskaya, 2000; Phuong, 2004a) :
The multifactorial correlation coefficient R is used to assess the reasonableness of the selected geotechnical factors involved in the objective function. If R ≥0.75, the selected geotechnical factors are adequate and appropriate. If R <0.75, some important geotechnical factor or factors are not considered, and the geotechnical factors involved in the objective function must be selected again.
6) Calculating the gravity of each geotechnical factor g i in the objective function, using Equation (5) (Saviskaya, 2000; Phuong, 2004a In the geological cross sections of the three monitoring stations, there is one layer of soft soil. It is sandy clay of Hai Hung Formation, overlain by sandy clay layers of Thai Binh Formation and underlain by sandy clay layers of Vinh Phuc Formation.
Our input parameters to build the objective functions V s and S t were: 1) Soil characteristics: thickness, average coefficient of relative compressibility, and bulk density of the soft soil layer;
2) Monitoring data: drawdown of groundwater level, surface settlement rate, and time-dependent surface settlement.
These input parameters are listed in Tables 1 and 2 . 
Establishment of the objective function S t
From the input parameters listed in Table 2 , the objective function S t was established by multifactorial correlation analysis method, as follows: 1) Selection of geotechnical factors: time t, drawdown of groundwater level H, average coefficient of the relative compressibility m vm , thickness B dy , and bulk density ρ of the soft soil layer. The bivariate correlation coefficients between the objective function and the geotechnical factors, as well as between the geotechnical factors, are presented in Table 3 .
2) The standardized coefficients β 1 , β 2 , β 3 , β 4 , and β 5 are the solutions of the elements of Equation (6) 3) The multifactorial correlation coefficient R was calculated according to Equation (4), yielding R = 0.952. This value of R showed that the selected geotechnical parameters involved in the objective function S t were adequate and appropriate.
4) The gravity of each geotechnical factor t, H, m vm , B dy , and ρ in the objective function S t , symbolized respectively as g 1 , g 2 , g 3 , g 4 , and g 5 and calculated according to Equation (5), yielded g 1 =0.748, g 2 =0.027, g 3 = 0.001, g 4 =0.002, and g 5 =0.222. Thus, the objective function S t was established according to Equation (7):
The time-dependent surface settlement S t at the three monitoring stations calculated according to Equation (7) were compared with the actual monitoring data (Figure 7) .
The predicted time-dependent surface settlement S t at the three monitoring stations was 1.1 to 1.2 times higher than the actual settlement. Thus, the surface settlement at the Phap Van, Luong Yen, and Thanh Cong monitoring stations in 2036 is predicted to be 0.65 m, 0.51 m, and 1.19 m, respectively. Table 4 . 2) The standardized coefficients β 1 , β 2 , β 3 , and β 4 are the solutions of the elements of Equation (8) 3) The multifactorial correlation coefficient R was calculated according to Equation (4), yielding R = 0.917. This value of R showed that the selected geotechnical parameters involved in the objective function V s were adequate and appropriate.
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The surface settlement rate V s at the three monitoring stations was calculated according to Equation (9) and compared with the actual monitoring data (Figure 8 ). The predicted surface settlement rate V s at the three monitoring stations was not statistically different from the actual monitoring data. The predicted average surface settlement rate at the Thanh Cong monitoring station is 38.5 mm/a.
Conclusions
The multifactorial correlation analysis method is used to quantify the impact of geotechnical factors in the prediction of land subsidence caused by groundwater exploitation. The prediction of the surface settlement rate and time-dependent surface settlement at three monitoring stations in the Hanoi area of Vietnam showed that the predicted results were relatively close to the actual monitoring data. The predicted surface settlement rate at these stations was not statistically different from the actual monitoring data, and in 2036 is expected to be 0.65 m, 0.51 m, and 1.19 m at the Phap van, Luong Yen, and Thanh Cong monitoring stations, respectively. The predicted time-dependent surface settlement was 1.1 to 1.2 times greater than that shown by the actual monitoring data.
From this, we can conclude that multifactorial correlation analysis is a reliable method and can be used for the prediction of land subsidence caused by groundwater exploitation in Hanoi.
There are still relatively few land subsidence monitoring stations in the Hanoi area and most of them are concentrated at the well fields where high drawdown and increasing settlement are likely to continue. It is necessary to broaden the network with more stations in areas far from these well fields so that a more realistic picture of land subsidence in the Hanoi region due to groundwater extraction can be observed and more accurate predictions can be obtained.
